Glutathione
(y-glutamyIcysteinylglycine), one of the biologically active peptides, is widely distributed in nature. Because of its detoxifying function,1} it has a big market as a drug. The application of proteinases to prepare peptides was recently reported by several investigators and some biologically active peptides such as valine-5-angiotensin II amide -1 ,2) a part ofsecretin3) and humaninsulin4~6) were synthesized enzymatically.
This paper describes the enzymatic synthesis of a isoglutathione (a-glutamylcysteinylglycine) derivative from corresponding amino acid derivatives by proteinases and its a->y transpeptidation.
MATERIALS AND METHODS
Proteinases. Enzymes used are shown in Table I . (KY306) were prepared in our laboratory.7>8) An aminopeptidase was prepared from the culture filtrate of Streptomyces peptidofaciens (KY2389) in our laboratory.9) y-Glutamyltranspeptidase. y-Glutamyltranspeptidase was obtained from Proteus rettgeri (KY4288). Proteus rettgeri f Studies on Enzymatic Synthesis of Glutathione. PartI.
was cultured in 15 liters of bouillon mediumin a 30 liter jar-fermentor at 30°Cfor 24 hr. The cells were collected by continuous centrifugation and disrupted with a Dyno-Mill homogenizer (Willy A. Bachofen Machinenfabrik).
After centrifugation (10,000 rpm, 15 min), ammonium sulfate was added to the supernatant to 70% saturation. The precipitate was collected by centrifugation and suspended in 100ml of 0.05m phosphate buffer (pH 6.0) and the suspesion was dialyzed against the same buffer (pH 6.0). Then the enzyme was solubilized by adding 1% sodium deoxycholate.
The enzyme solution after centrifugation was applied to the top of a DEAE-cellulose (Whatman) column (700 ml) equilibrated with 0.05 m phosphate buffer (pH 6.0), and was eluted with phosphate buffer containing increasing concentrations of NaCl (0~1.0 m). The active fractions were combined, dialyzed and applied again to a DEAE-cellulosecolumn. After elution with a linear gradient ofNaCl (0~0.5 m) in phosphate buffer and dialysis, 409 mg of the partially purified preparation was obtained. The enzyme was purified approximately 24-fold in specific activity with a recovery of 25% from the homogenate. Boc-Gly-OH and benzhydrylamme were condensed by the DCC-HOBt method.n) Thirty milliliters of 5 m hydrogen chloride in ethylacetate were added to a solution of Boc-Gly-NHBzh (10 mmol) in 30ml of ethylacetate. After 2 hr at room temperature, the solution was concentrated in vacuo. H-Gly-NHBzhwas crystallized by addition of dry ether to the concentrate. H-Cys(Bzl)-Gly-NHBzh was synthesized by the same method as used for H-Gly-NHBzh synthesis. Boc-Glu(OBzl)-Cys(Bzl)-Gly-NHBzh was prepared by the DCC-HOBt method from /-butoxycarbonylglutamic acid y-benzyl ester and H-Cys(Bzl)-Gly-NHBzh.
Elimination of N-protecting group. A Boc-radical was eliminated by the same method as described in the preparation of H-Gly-NHBzh. A Z-radical was eliminated as follows. Five milliliters of 25% hydrogen bromide in acetic acid was added to a solution of Z-peptide benzhydrylamide (1 mmol) in acetic acid (1 ml) and anisol (0.1 ml). After 1 hr at room temperature, dry ether was added to the reaction mixture to crystallize NH2-free peptide benzhydrylamide.
Amino acids and their derivatives used were of the lconfiguration. Abbreviated designations of amino acid-and peptidederivatives conform to the tentative rules of the IUPAC-IUB Commission on Biochemical Nomenclature, Biochem. /., 126, 773 (1972) .
The following abbreviations were used: Z = benzyloxy- Synthesis ofpeptide by enzyme (General procedure). A carboxyl (0.2 mmol) and an amine (0.2 mmol) component were suspended in 1 ml of 0.2m appropriate buffer containing 0.01 m CaCl2. The appropriate amount of enzyme was added to the mixture and incubated at 37°C for various lengths of time. After the reaction was over, the precipitate was obta'ined by filtration and dissolved in ethylacetate. The ethylacetate solution waswashedin succession with 4% NaHCO3,water, 0.5m citric acid and water, and evaporated to dryness in vacuo. If necessary, recrystallization was carried out.
Determination of product yields. The precipitate described above was dissolved in 0.5ml of DMFand 50/A of the solution was spotted on a precoated Silica Gel 60 thin layer plate (Merck No. 5721). After development with a solvent system of CHC13 CH3OH-CH3COOH (90:10:1), UV absorption at 270nm of the spot corresponding to the product was measured with a chromatoscanner CS-900 (Shimadzu Co., Ltd.).
RESULTS

A. Condensation ofZ-Cys(Bzl)-OH with HGly-NHBzh by papain
Condensation of NH2-protected cysteine with COOH-protected glycine was examined under various conditions with respect to protecting groups and enzymes (for example, ZCys(Bzl)-OH and H-Gly-OBzl by thermolysin, subtilisin BPN', pronase, pepsin and tacynase B or tacynase N, and Z-Cys(Bzl)-OH and HGly-OEt by nagarse). As a result it was found that Z-Cys(Bzl)-OH and H-Gly-NHBzh as substrates and papain as enzyme were the most suitable combination for the condensation.
As seen in Fig. la and lb the pH-range to obtain a higher yield in this reaction was relatively broad, around neutral pH, the same as in the hydrolysis, and a more considerable amount of the enzyme as compared with hydrolysis was preferable for the synthesis. The synthetic reaction proceeded in a linear manner until about 8hr and after that the product remained without hydrolysis. Both concentration and ratio of each substrate (carboxyl-and amine-components) were the most important factors for obtaining a higher yield, i.e., increase of levels of both substrates decreased the yield when the ratio of each substrate was 1 : 1 (Fig. lc) . A higher ratio of Z-Cys(Bzl)-OH to H-Gly-NHBzh increased the yield of Z-Cys(Bzl)Gly-NHBzh, while an increase of the amine component markedly diminished the yield (Fig. Id) . The reaction mixture became a gel in the presence of a high level of H-Gly-NHBzh. The addition of organic solvents such as methanol, dimethylsulfoxide and dimethylformamide, at a concentration of 10% or 30%, did not affect the product yield. The alternation of Z-to Boc-as an Nprotecting group decreased the yield from 23.6% to 10.3%.
From these results the suitable conditions for synthesis of Z-Cys(Bzl)-Gly-NHBzh were decided to be as follows: Z-Cys(Bzl)-OH 40 mmol, H-Gly-NHBzh 20 mmol, papain P-500 (153 units per mg at pH 7) 6g, 2-mercaptoethanol 2ml and 0.2m Mcllvain buffer (pH 7.0) 500ml were mixed and incubated at 37°C for 48hr. The yield was 39.5% under these conditions. Enzymes which combine benzyloxycarbonylglutamic acid with H-Cys(Bzl)-Gly-NHBzh in an a-linkage were screened under different pH conditions in the reaction mixture as shown in Table II . Three acid proteinases showed strong synthesizing activity of the peptide. In each case, the producing ability was higher at pH 4 than at pH 7 but no product was detected at pH 10. The enzyme purified from Irpex lacteus Fr. (KY2981) was used for further experiments because of its potent activity and high purity.
The optimum pH was 4 for the synthesis as seen in Fig. 2a , which was the same as determined for the hydrolysis.
In the case of this enzyme, the level of the synthesized product was about 20% higher in citrate-Na2HPO4 buffer than that in acetic acid-sodium acetate or in HCl-sodium acetate buffer. The synthesis of Z-Glu-Cys(Bzl)-Gly-NHBzh with the /. lacteus enzyme was also affected by concentrations and ratio of carboxyl-and aminecomponents. As seen in Fig. 2b , the optimum ratio was 1 : 1. To increase the solubility ofHCys(Bzl)-Gly-NHBzh, various organic solvents were added to the reaction mixture. As a result, addition of up to 10%of various alcohols stimulated the synthesis but higher levels such as 50% inhibited the synthesis except for methanol and pentaerythritol.
In general, alcohols with longer carbon chains decreased the stimulating effect. It is of interest that addition of pentaerythritol remarkably increased the yield as indicated in Fig. 3 . mg at pH 4) 3g and pentaerythritol 5g were added to 50ml of 0.2m citric acid-Na2HPO4 buffer (pH 4.0) and the mixture was incubated at 37°C for 24hr. Under these conditions ZGlu-Cys(Bzl)-Gly-NHBzh was synthesized in a yield of21%. of Boc-Glu(OBzl)-Cys(Bzl)-Gly-NHBzh was used as a substrate, 67mg of the y-linked compound was formed by treatment with 0.3ml of 1N sodium hydroxide in 2ml of the reaction mixture. In this case, an organic solvent used influenced the ratio of a-and y- Quantities of the products were determined by the method described in Table II . The numbers are % of each form to the total amounts. forms (Table III) . After saponification for 12~15hr at room temperature the ratio of aand y-forms was 1:1 in methanol, but the latter was produced about five times more than the former in dimethylformamide The product thus obtained had the same amino acid composition as that of Z-GluCys(Bzl)-Gly-NHBzh on thin layer chromatography and paper chromatography after acid hydrolysis with HC1, but had a different Rf value (0.25) from that of Z-Glu-Cys(Bzl)-GlyNHBzh (0.53) on TLC on silica gel (Merch No. 5714) developed with a solvent system of . To confirm that the product was y-glutamylpeptide, mass spectrography was done by the method of Okada and Kawase, 14) but the result was obscure. Then the identification of the compoundwas tried with two enzymes, namely aminopeptidase and y-glutamyltranspeptidase.
The benzyloxycarbonyl group in Table IV The direct formation of a y-linkage between glutamic acid and cysteine was examined using y-glutamyltranspeptidase from Proteus rettgeri (KY4288).
However, derivatives of glutamic acid or glutamine having an Nprotecting group tested were not observed to be substrates for the partially purified P. rettgeri enzyme. Furthermore, the y-glutamylpeptide was not detected for combinations of glutamine or a-benzylhydroxamate of glutamic acid and H-Cys(Bzl)-Gly-NHBzh. Fodor et al. 16 ) reported synthesis of glutathione from y-glutamylglycine and cysteinylglycine using the enzyme in sheep kindney but the yield of cysteinylglycine was only 8%. Although yglutamylcysteine was formed by the P. rettgeri enzyme from glutamate and cysteine, its yield was only a few percent and, therefore, it is not practical.
